We studied the local anesthetic effects of the quaternary lidocaine analogues QX-314, QX-572, and QX-222, the tertiary amine lidocaine, its analogues tocainide, 6603, 6211, and the neutral local anesthetic benzocaine to determine if molecular charge of antiarrhythmic agents influences their local anesthetic effects on heart fibers. We used standard microelectrode techniques and canine cardiac Purkinje fibers to compare the effects of stimulation rate, drug concentration, and K + -induced changes in resting membrane potential on the reduction of fast inward sodium current using the maximum rate of rise of the action potential upstroke, V ma it, as an index of changes in peak sodium current. Use-dependent block, defined as a modulation of the reduction in V max by local anesthetics due to changes in the stimulation rate, was observed with the permanently charged analogues and was most prominent for agents exisiting predominantly in the charged form, but was absent for the neutral local anesthetic benzocaine. The development of use-dependent block during rapid stimulation preceded by prolonged periods of quiescence was an exponential process which became more rapid with increasing drug concentration. Recovery from use-dependent block during quiescence was an exponential process that was not influenced by similar drug concentration changes. All local anesthetics caused tonic block, defined as a drug-induced reduction of V max from control that attained a constant value at slow stimulation rates (cycle length range 15 seconds to 2 minutes) and was not changed by prolonged (up to 8 minutes) periods of quiescence. These findings suggest that the charged form of lidocaine and its analogues is responsible for use-dependent block of cardiac sodium channels. (Circ Res 52: 735-746, 1983) 
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Gary A. Gintant, Brian F. Hoffman, and Robert E. Naylor From the Department of Pharmacology, College of Physicians and Surgeons of Columbia University, New York, New York SUMMARY. We studied the local anesthetic effects of the quaternary lidocaine analogues QX-314, QX-572, and QX-222, the tertiary amine lidocaine, its analogues tocainide, 6603, 6211, and the neutral local anesthetic benzocaine to determine if molecular charge of antiarrhythmic agents influences their local anesthetic effects on heart fibers. We used standard microelectrode techniques and canine cardiac Purkinje fibers to compare the effects of stimulation rate, drug concentration, and K + -induced changes in resting membrane potential on the reduction of fast inward sodium current using the maximum rate of rise of the action potential upstroke, V ma it, as an index of changes in peak sodium current. Use-dependent block, defined as a modulation of the reduction in V max by local anesthetics due to changes in the stimulation rate, was observed with the permanently charged analogues and was most prominent for agents exisiting predominantly in the charged form, but was absent for the neutral local anesthetic benzocaine. The development of use-dependent block during rapid stimulation preceded by prolonged periods of quiescence was an exponential process which became more rapid with increasing drug concentration. Recovery from use-dependent block during quiescence was an exponential process that was not influenced by similar drug concentration changes. All local anesthetics caused tonic block, defined as a drug-induced reduction of V max from control that attained a constant value at slow stimulation rates (cycle length range 15 seconds to 2 minutes) and was not changed by prolonged (up to 8 minutes) periods of quiescence. These findings suggest that the charged form of lidocaine and its analogues is responsible for use-dependent block of cardiac sodium channels. (Circ Res 52: [735] [736] [737] [738] [739] [740] [741] [742] [743] [744] [745] [746] 1983) MANY antiarrhythmic drug molecules, including lidocaine, procainamide, aprindine, and tocainide, contain a tertiary nitrogen atom and, as a result, can exist as either the uncharged tertiary amine or the positively charged ammonium cation. The local anesthetic effects of these agents, which probably contribute to their antiarrhythmic efficacy (Bigger and Hoffman, 1980) , may therefore be due to interactions of either the charged, uncharged, or both molecular forms with cardiac sodium channels. If charged and uncharged forms of the same drug differ in their ability to reduce fast inward sodium current, the concentrations of both drug forms would determine the drug's local anesthetic charcteristics. It has been postulated that the lower pH found within ischemic areas of the heart, which would increase the concentration of the ionized drug form, may be responsible for the enhanced local anesthetic effects of lidocaine in ischemic as compared to normal areas (Kupersmith et al., 1975) . Indeed, variations in pH have been demonstrated to influence markedly the ability of lidocaine to prolong the reactivation kinetics of cardiac sodium channels measured using Vmax (Grant et al., 1980) . Both the site of action and active form of local anesthetics have been investigated in nerve (Ritchie and Ritchie, 1968; Narahashi et al., 1970; Strichartz, 1973; Yeh and Narahashi, 1976; Hille, 1977b) . Their results suggested that the charged form, acting from the inner membrane surface, is primarily responsible for reducing sodium current. However, both charged and uncharged drug forms cause local anesthetic effects. Indeed, benzocaine, which is uncharged at physiological pH, as well as the permanently charged lidocaine derivatives QX-314 and QX-572, reduce fast inward sodium current in frog node of Ranvier (Hille, 1977a (Hille, , 1977b .
The ability of some local anesthetics to reduce sodium current in nerve and cardiac preparations is dependent on the rate of stimulation 0ohnson and McKinnon, 1957; Strichartz, 1973; Hondeghem and Katzung, 1980) . This phenomenon is termed frequency-dependent, or use-dependent block (Courtney, 1975) . Studies in frog skeletal muscle of the effects of external pH on use-dependent block by lidocaine suggest that the protonated drug form is responsible for use-dependent block (Schwarz et al., 1977) .
Because most studies of the interactions of local anesthetics with sodium channels have employed noncardiac preparations, because sodium channels in these tissues may differ from cardiac sodium channels (Reuter et al., 1978; Hondeghem, 1981) , and because of the possible role that use-dependent block may play in determining antiarrhythmic drug efficacy (Sasyniuk and Ogilvie, 1975) , we investigated the effects of charged and uncharged forms of local anesthetics on fast inward sodium current of canine cardiac Purkinje fibers, using changes in V max of phase 0 as indicator of changes in peak inward sodium current. A series of lidocaine analogues with different pKa values, as well as quaternary analogues and benzocaine, were chosen to provide different proportions of both drug forms for any given total drug concentration and pH ( Fig. 1 ). Although both charged and uncharged drug forms reduce the fast inward sodium current of cardiac fibers, only the quaternary analogues and tertiary amine analogues existing predominantly as the charged molecular form cause usedependent block. The similar characteristics of usedependent block for both the quaternary and tertiary amine analogues suggest that the charged form of lidocaine and its analogues are responsible for usedependent block. These results should aid in determining the electrophysiological mechanisms responsible for the efficacy of antiarrhythmic agents. 
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Experimental Procedures
Adult dogs weighing 12-30 kg were anesthetized with sodium pentobarbital, 30 mg/kg, iv. Hearts were rapidly removed through a right lateral thoracotomy and rinsed with chilled, oxygenated Tyrode's solution. Our standard Tyrode's solution contained (in ITIM): NaCl, 137; NaHCC>3, 12; dextrose, 5.5; NaH 2 PO 4 , 18; MgCl 2 , 0.5; KC1, 4.0; and CaCl2, 2.7. During tissue dissection, a Tyrode's solution containing 8.0 ITIM KG and 4.0 miu CaCl2 was used. During experiments in which the resting membrane potential of the preparation was varied by elevating [K + ] o , 1 M KG was added to the Tyrode's solution without compensation for osmotic changes.
We employed small, free-running intertrabecular Purkinje fiber bundles (length < 5mm) with attached ventricular muscle, and larger, free-running Purkinje fiber bundles excised from either ventricle. As compared to the larger bundles, the smaller preparations displayed minimal diastolic depolarization and provided stable membrane potentials more negative than -80 mV during prolonged periods of quiescence.
Preparations were mounted in a Lucite chamber (Aronson et al., 1973) maintained at 35-37°C and perfused with solution equilibrated with 5% CO2/95% O2. The preparations were stimulated through Teflon-coated bipolar silver wire electrodes (stimuli < 2 msec in duration and 1.3 to 2 times threshold). Transmembrane potentials were measured through machine-pulled fiber-filled borosilicate glass capillary microelectrodes filled with 3 M KG (resistances 8-30 M£2, tip potentials < 5 mV) connected through 3 M KC1-Ag/AgCl junctions to amplifiers with high input resistance and variable input capacitance neutralization. The transmembrane potentials were displayed on a Tektronix 565 oscilloscope and a Gould chart recorder. These signals were also differentiated with an operational amplifier whose output was linear between 50 and 800 V/sec, and which was calibrated with a sawtooth pulse of variable duration (Bigger et al., 1968 ). This provided the first time derivative of phase 0 of the action potential, which was displayed on the oscilloscope at a faster sweep speed. We also used a peak hold circuit* to record the maximum rate of rise of the upstroke (V max ) on the chart recorder. All reported results were obtained from single impalements maintained throughout the experiment. Measurements were rejected if either the microelectrode resistance varied by greater than 5 MJ2 during an experiment, or if the measured potential differed by more than 3 mV from the original zero reference upon withdrawal of the microelectrode from the preparation.
Our supply of lidocaine and lidocaine analogues was generously supplied by Astra Pharmaceuticals. Benzocaine was obtained from Sigma Chemical Co. Drugs were added to Tyrode's solution from refrigerated stock solutions. Concentrations refer to the concentration of salt (with the exception of benzocaine).
Where applicable, data is expresed as mean ± SD. Exponential functions were analyzed by a least squares regression method. Differences between paired samples were analyzed by paired t-test (Snedecor and Cochran, 1967) . Inactivation curves were fitted by eye.
We define "use-dependent block" as the modulation of the drug-induced reduction of Vm,, caused by changes in the rate of electrical activity. The magnitude of use-dependent block is dependent on the stimulation basic cycle length (BCL), and is therefore frequency-dependent. We employ the term "tonic block" to describe the drug-induced reduction of V max from control values which is present at low frequencies of stimulation (BCL range, 15 seconds to 2 minutes) and is not altered by periods of quiescence (up to 8 minutes duration). The expression "rest recovery" is used to describe recovery from use-dependent block which occurs during periods of infrequent stimulation or quiescence. All three terms refer to changes of V max of upstrokes elicited from similar membrane potentials just prior to the upstroke, the membrane activation voltage (MAV), in order to eliminate changes in V max due to normal voltage-dependent sodium channel inactivation (Hodgkin and Huxley, 1952; Weidmann, 1955) . For this reason, both MAV and V max values are reported when comparing V max values.
Representative examples of cardiac action potential changes caused by QX-314, QX-222, tocainide, and benzocaine are displayed as figure insets; examples for some of these lidocaine analogues have previously been published (Gliklich and Hoffman, 1978) .
On the Use of V max and Its Relation to Channel Block
We used changes in V max as an indicator of changes of fast inward sodium current. For a uniformly propagating action potential in a linear cable V ma * is linearly proportional to the total ionic current crossing the membrane at the time of V mas (Hodgkin and Huxley, 1952; Narashashi et al., 1970) . There is evidence that during a fast upstroke, the majority of ionic current crossing the cardiac membrane at the time of V ma , is sodium current, and that other membrane currents do not make any significant contributions. Reduction of the outward background potassium conductance with CsCl has no effect on V max of fast upstrokes of normally polarized and partially depolarized cardiac Purkinje fibers bathed in elevated [K + ] o solutions , and block of early outward current with tetraethylammonium ions does not significantly reduce V max (Kenyon and Gibbons, 1979) . Slow inward current apparently does not contribute to the fast upstroke due to the slower activation kinetics of calcium channels compared with sodium channels (Isenberg and Klockner, 1980,1982; Cohen et al., 1983) . Potassium currents would be expected to contribute little to the total ionic current (Hondeghem, 1978) . Assuming uniform propagation of the cardiac action potential down the Purkinje fiber surface, changes in V™, should be a reasonable indicator of changes of fast inward sodium current.
The use of changes in V max to quantify the extent of drug-blocked, nonconducting cardiac sodium channels is open to criticism, because V max may not be directly proportional to available sodium conductance as has been shown for myelinated nerve (Ulbricht and Wagner, 1975) and cooled rabbit Purkinje fibers (Bean et al., 1982) . For a uniform ("membrane") action potential, changes in V max will be proportional to changes in the available sodium conductance if the sodium conductance is greater than nonsodium conductances, and sodium channel activation is much faster than channel inactivation (Cohen et al., 1981) . Measurements of cardiac sodium channel kinetics (presently available for cooled single perfused rat ventricular cells and embryonic chick heart myoballs) provide some indication of the relative rates of activation and inactivation at different potentials (Brown et al., 1981, Ebihara and Johnson, 1980) . However, even if the rates of these two processes are sufficiently different under drug-free conditions to satisfy the requirements for a proportional relationship between V max and available sodium conductance, there is presently no way to be certain that the relationship between activation and inactivation kinetics in canine cardiac fibers remain similar after exposure to local anesthetics.
We chose to study the effects of lidocaine analogues on canine cardiac Purkinje fibers in order to allow the direct applicaton of our findings toward understanding the antiarrhythmic efficacy of lidocaine in various canine arrhythmia models. We chose to use changes in V^,, as an indicator of changes in fast inward sodium current (and to infer changes in the number of drug-blocked sodium channels) because direct measurement of fast inward sodium current in any cardiac preparation under physiological conditions is not yet possible (Colatsky and Tsien, 1979; Lee et al., 1979; Colatasky, 1980) , and because changes in V max have been employed consistently to characterize the effects of antiarrhythmic drugs on cardiac sodium channels (Gliklich and Hoffman, 1978; Grant et al., 1980; Weld et al., 1982) . We recognize that we have not quantified changes in available sodium conductance, but believe that our data are adequate to demonstrate the approximate magnitude of changes in fast inward sodium current for the various experimental conditions.
Results
Effects of Quaternary Local Anesthetics
Characteristics of the Development of Use-Dependent Block
We first determined whether the drug-induced reduction of V max observed during superfusion with the permanently charged analogue QX-314 was modified by changing the stimulation rate ( Fig. 2) . Equilibration of the preparation for 1 hour with 2 X 1CT 5 M QX-314 (BCL = 2 sec) resulted in the reduction of V max from 570 to 500 V/sec. Shortening the BCL to 700 msec resulted in an additional, gradual reduction of V mal from 500 to 420 V/sec. After attainment of this new steady state V max value, the BCL was lengthened from 700 msec to 20 seconds, for a total of 18 minutes. During this recovery period, V max increased to its drug-free control value. When the BCL was again shortened to 700 msec, Vmax declined toward its earlier reduced value. The magnitude and rate of development of usedependent block following prolonged recovery periods is dependent on the quaternary local anesthetic concentration (Fig. 3 ). As illustrated in Figure 3A , 1 hour of superfusion with 4 X 10" 5 M QX-314 (BCL = 500 msec) resulted in a 42% reduction of Vmax (-92 mV-650 V/sec to -91 mV-380 V/sec). Regular stimulation then was terminated for 15.5 minutes to allow maximal rest recovery, as determined by observing increasing V max values of intermittent, infrequent stimulated upstrokes. Upon resumption of stimulation, Vmax slowly decreased from 560 to 390 V/sec. Subsequent superfusion for 1 hour with 8 X 10~5 M QX-314 (500 msec BCL) resulted in the further reduction of V max (-92 mV•285 V/sec, 56% compared with control, Fig. 3B ). Again, stimulation was interrupted for 16 minutes to allow maximal rest recovery. Upon resumption of rapid stimulation, V max declined rapidly from 520 to 290 V/sec.
In Figure 3C , the time course of the fall of V max , expressed as the difference between V max of any particular upstroke and the final, reduced Vmax value, is plotted on a logarithmic scale against the beat number of the particular upstroke during the stimulus train. With both drug concentrations, the rate of development of use-dependent block is well characterized as a monoexponential process. However, the 2-fold increase in drug concentration resulted in a decrease in the time constant characterizing the development of use-dependent block from 142 beats to 62 beats. From four similar experiments, the time constant for the fall of V max with the higher concentration of QX-314 was twice as rapid as the time constant obtained during superfusion with the lower drug concentraton (143.20 ± 50 beats for 4 X 10~5 M vs. 70.0 ± 50 for 8 X 10~5 M, difference p < 0.05, Table 1 ). Qualitatively similar effects of increased drug concentration on the rate of development of usedependent block have been obtained with repeated intracellular injections of QX-314 by this laboratory (Frame et al., 1981) .
The development of use-dependent block with the quaternary analogues QX-572 and QX-222 was also well characterized as a monoexponential process whose rate was doubled by a similar 2-fold increase of drug concentration (Table 1) . For either the lower or higher drug concentration, the development of usedependent block was most rapid with QX-572, intermediate for QX-222, and slowest for QX-314.
Because of the long time required for equilibration of the local anesthetic effects of these quaternary analogues with our preparations (>1 hour, see Fig. 2 ), the time required to achieve maximal rest recovery, and the inability to reverse the effects of these agents even after prolonged drug-washout periods (>2 hours duration), we studied a maximum of two different drug concentrations in any individual preparation. However, we were able to compare the effects of a For each maintained impalement, the effect of a 2-fold increase in drug concentration on the rate of development and recovery from use-dependent block for the three quaternary local anesthetics is presented. For each drug, the time constant characterizing the exponential decline of V m , (T OD ) is significantly different for the two drug concentrations (P < 0.05), whereas the time constant characterizing the exponential increase of Vm^, during rest recovery (T o tr) is unaffected (P > 0.05). Ron, the ratio of T on for the lower vs. higher drug concentration, approximated 2.0 for each drug; R o fr, the ratio of T o fr for these same drug concentrations, approximated a value of 1.0. [K + ] o = 5 min, BCL = 500 msec.
reasonably wide concentration range on the rate of development of use-dependent block with QX-222, exposing some preparations to only one drug concentration. In Figure 4 
Characteristics of Recovery from Use-Dependent Block
We also investigated the effect of drug concentration on recovery from use-dependent block. A typical example is illustrated in Figure 5 . After a steady reduction of V ma x had been obtained with 4 X 10~5 M QX-314 (500 msec BCL), rapid stimulation was terminated, and V m ax values of seven single action potential upstrokes elicited at various times during the ensuing rest recovery period were recorded. The fiber then was equilibrated with 8 X 10" 5 M QX-314 and the protocol repeated. During the 15.5-minute rest recovery period with 4 X 10~5 M QX-314, V max increased by 180 V/sec (-90 mV MAV-380 V/sec to -88 mV-560 V/sec), whereas, during a 15-mintue rest recovery period with 8 X 10~5 M QX-314, V max increased by 235 V/sec (-93 mV-285 V/sec to -88 mV-520 V/sec). In Figure 5 , the increasing Vm^ values obtained during the recovery periods are plotted against the elapsed recovery time. The time course of Vmax recovery for both drug concentrations has been fitted to an exponential curve with a time constant of 4.6 minutes. In three experiments utilizing this protocol, the time constants characterizing the recovery processes for either concentration of QX-314 were not significantly different (4.93 ± 0.21 minutes for 4 X 10~* M vs. 4.73 ± .04 minutes for 8 X 10~5 M, P < 0.05). For both QX-572 and QX-222, the increase of V m ax during rest recovery periods was also well approximated as an exponential process whose rate was not influenced by similar changes of drug concentration (Table 1) . The fastest recovery kinetics were observed with QX-572, and the slowest with QX-314. The effects of higher concentrations of quaternary analogues on recovery kinetics were not studied due to their tendency to cause fiber depolarization during recovery periods.
Characteristics of Tonic Block
As demonstrated in Figure 3 , prolonged rest recovery periods do not necessarily result in full recovery of Vmax to pre-drug control values. The magnitude of tonic block depends upon the resting membrane potential as well as the drug and drug concentration. Figure 6A demonstrates the effect of membrane potential on tonic block. During the drug-free control period, MAV-Vmax values were obtained during superfusion with Tyrode's solution containing [K + ] o = 4, 5, 6, 8, and 10 mM. From this data, a control "h" inactivation curve was constructed (Weidmann, 1955) . The fiber then was exposed for 1.5 hours to Tyrode's solution containing 4 X 10" 5 M QX-314 ([K + ] o = 4 mM, BCL = 1 sec), which resulted in a 50% reduction of Vmax. To determine what proportion of the reduction of Vmax was due to tonic as compared to usedependent block, the BCL was prolonged from 1 second to 5 seconds, and subsequently to 90 seconds, which resulted in a gradual increase of V max from 300 to 380 to 470 V/sec for each BCL. To ensure that only tonic block remained, the BCL was doubled in duration to 3 minutes, for a total of 12 minutes, which resulted in no further recovery of V ma x-Subsequent rapid stimulation (BCL = 1 sec) resulted in the exponential decline of V max to 285 V/sec (-90 mV MAV).
The effect of membrane potential on tonic block then was assessed during superfusion with drug-containing Tyrode's solution with [K + ] o = 2.7, 5, 7, and 9 mM. For each value of [K + ] o , after determining V max values during stimulation with a 1-second BCL, the BCL was repeatedly doubled until further prolongation resulted in no further V ma x recovery. In this manner, both the tonic and use-dependent blocking effects of the drug were determined for different MA Vs. We define an inactivation curve in which the drug-induced reduction of V ma x depends solely on tonic block as a steady state inactivation curve. In Figure 6A , the steady state inactivation curve representing tonic block with QX-314 (solid triangles) is parallel to the control inactivation curve and displaced 7 mV in a hyperpolarizing direction. Tonic block by QX-314 is, therefore, voltage dependent. For example, at -80 mV, V max was reduced from control by 28% (500 to 360 V/sec), whereas, at -7 0 mV, V max was decreased by 61% (285 to 110 V/sec). The hyperpolarizing shift of the steady state inactivation curve was dose-dependent for all concentrations of quaternary analogues tested (two expts. with QX-314 [range 2-8 X 10"^ M], two expts. with QX-222 [range 4 X 10" 5 to 1.2 X 10" 4 M]). An example of the dosedependent shift of the steady state inactivation curve with QX-222 is illustrated in Figure 6B . A slight reduction in the slope of the steady state inactivation curve measured at its midpoint was sometimes observed.
The reduction of V max during rapid stimulation is due to the sum of the tonic and use-dependent blocking effects of these agents. The contribution of usedependent block to the reduction of V max was also modulated by MAV. Use-dependent block was much less pronounced for K + -depolarized fibers as compared to normally polarized fibers. For example, in Figure 6A , 85% of the reduction of V max (compared to drug-free control) caused by QX-314 was due to usedependent block when the MAV was -88 mV, whereas only 28% of the reduction of V max was due to use-dependent block when the MAV was -74 mV (BCL = 1 sec). A decline in the contribution of usedependent block to the reduction of V max of K +depolarized fibers was observed with QX-314 (n = 3) and QX-222 (n = 2 ) . We did not systematically investigate the effect of MAV on the reduction of V max by QX-572.
Effects of Tertiary Amine and Neutral Local Anesthetics
The characteristics of use-dependent block observed with tocainide were qualitatively similar to those of the quaternary analogues. However, the kinetics of the development and recovery from usedependent block with tocainide were much faster than the quaternary local anesthetics (Table 2) . Furthermore, higher concentrations of tocainide usually were necessary to obtain use-dependent reduction of V max of sufficient magnitude to be reliably characterized. Figure 7 illustrates the effects of increasing tocainide concentrations on the rate of development of use-dependent block. Due to the smaller change of V max caused by rapid stimulation with tocainide compared to the quaternary analogues, data from three stimulation sequences for each drug concentration were pooled to characterize the decline of V max during the stimulus trains. In Figure 7A , the difference between V max of upstrokes during the stimulus train and the final, reduced V max value upon termination of stimulation is plotted. Rapid stimulation with 4 X 10~5 M tocainide following maximal rest recovery resulted in the exponential decline of V^ of 75 V/ 
Effect of Increasing Concentrations of Tocainide on the Rate of Development and Recovery from Use-Dependent Block
Tocainide concentration (M) i.o x io"" 3.0 X 10"" 8.0 X 10" 5 1.6 X 10"" 2.4 X 10"" 8.0 X 10" 5 1.6 X 10"" 3.6 X 10"" 4.0 X 10" 5 1.0 X 10" 4 4.0 X 10" 5 1.0 X 10"" For each maintained impalement, the effect of tocainide concentration on the rate of development and recovery from use-dependent block is presented. The BCL and drug concentrations employed in each experiment are indicated. For the same concentration changes, T on was consistently reduced, with no consistent change of Toff. See text for further discussion. sec (X of 3, MAV range -86 to -88 mV) characterized by a time constant of 6.1 beats, whereas with 1 X 10~4 M tocainide V max declined by 110 V/sec (X of 3, MAV range -87 to -89 mV) with a shorter time constant of 3.4 beats. The more rapid kinetics of use-dependent block with tocainide as compared to the quaternary local anesthetics was not due to the higher tocainide concentrations used, since similar rapid kinetics were observed with tocainide concentrations which provided concentrations of the charged drug form equal to those employed with the quaternary analogues (Table 2) . For all tocainide concentrations tested, the time constant characterizing the decline of V max decreased with increasing drug concentrations. Qualitatively similar results were also obtained with the tertiary amine analogue 6603 (n = 2). The rapid kinetics of use-dependent block with lidocaine prevented their further quantitation with our experimental methods.
Due to the rapid recovery kinetics with tocainide, an experimental protocol different from that described for Figure 5 was employed to investigate the rest recovery process. For these experiments, the fiber was stimulated at either a 400 or 500 msec BCL until a steady V max value was achieved. Stimulation then was interrupted to allow V max recovery. Upon resumption of stimulation, Vmax of the first upstroke was recorded, and the sequence of stimulus train/ pause was repeated with a recovery period of different duration. The difference between the Vmax value of the last upstroke of the stimulus train and the upstroke following, the recovery period was compared with the maximal rest recovery following prolonged rest recovery periods, and plotted as the percent of maximal recovery vs. rest recovery duration. The rest recovery duration was measured from the time of the first absent (expected) upstroke during the recovery period to the upstroke which ended the recovery period. If the MAV varied by more than 3 mV during an experiment, the experiment was discarded. Results from one experiment are illustrated in Figure 7B , obtained from the same fiber as in Figure 7A . For all concentrations tested, tocainide did not appreciably influece the rate of Vmax recovery (see also Table 2 ). The tertiary amine analogues lidocaine, tocainide, and 6603 also caused tonic block, as evidenced by a dose-dependent shift of the steady state inactivation curve in a hyperpolarizing direction (n = 2 for lidocaine, 6603, n = 1 for tocainide). The contribution of use-dependent block to the overall reduction of V max during rapid stimulation decreased as the fibers were depolarized by elevating [K + ] o .
Of the non-quaternary local anesthetics tested, only 6211 and benzocaine have pKa values lower than 7.4. With 6211 (93% uncharged at physiological pH) the dose-dependent reduction of V max was predominantly due to the tonic blocking effects of the drug, with very rapid rapid stimulation (BCL < 300 msec) causing minimal use-dependent block. The neutral local anesthetic benzocaine caused only tonic block. Figure  8A depicts the effect of benzocaine on the reduction of V max for any MAV. Increasing benzocaine concentrations caused a dose-dependent displacement of the inactivation curve in a hyperpolarizing direction. For any given benzocaine concentration and MAV, lengthening the BCL from 1 second to as long as 20 seconds caused ho change of V ma x. The local anesthetic effects of benzocaine were reversible, as demonstrated by the return of the inactivation curve to its control position following 70 minutes of superfusion with drug-free Tyrode's solution. Figure 8B demonstrates further the lack of use-dependent block by benzocaine. The effect of rapid stimulation (BCL range of 1 sec to 250 msec) on V max was first determined during superfusion with drug-free solutions containing [K + ] o = 2.7, 5, 7.5, 10, and 12 mM. This protocol then was repeated after equilibration with 2 X 10~4 M benzocaine. For any MAV, any further reduction of V ma x during rapid stimulation with benzocaine was equivalent to that observed during drugfree control periods. Benzocaine also caused no changes in the reactivation kinetics of sodium channels (2 X 10" 4 M, n =2) as assessed using V max and standard membrane responsiveness protocols (Mandel and Bigger, 1971; Gettes and Reuter, 1974) .
Discussion
Effect of Molecular Charge on Block of Sodium Channels
Studies on squid giant axons Frazier et al., 1970) and frog skeletal muscle (Schwarz et al., 1977) investigating the reduction of fast inward sodium current by charged and uncharged molecular forms of local anesthetics concluded that the reduction of sodium current was due mainly to the charged form and that use-dependent block also depended on the charged form. However, no systematic investigations relating molecular charge of antiarrhythmic agents with their local anesthetic effects on cardiac fibers have been reported. Furthermore, most studies of local anesthetic effects on noncardiac preparations fail to quantify both tonic and use-dependent block (for example, Hille, 1977a; Hille, 1977b; Schwarz et al., 1977) . Both characteristics must be considered when local anesthetic-type antiarrhythmic agents are administered to control abnormal cardiac electrical activity. For these reasons, we characterized the effects of drug concentration, stimulation rate, and resting membrane potential on the local anesthetic effects of a series of quaternary and tertiary amine lidocaine analogues and the neutral local anesthetic benzocaine to determine whether molecular charge influences their local anesthetic effects in cardiac fibers.
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Use-dependent block was observed with the quaternary analogues and the tertiary amine analogues existing predominantly as the charged molecular form. In general, use-dependent block decreased as the pKa (and hence, proportion of tertiary amine existing as charged molecular form) decreased. For the quaternary and tertiary amine analogues, the development of use-dependent block following prolonged rest recovery periods, as well as recovery from use-dependent block during periods of quiescence, was well characterized by an exponential process (Figs. 3, 5, 7; Tables 1, 2) . The rate of development of use-dependent block was accelerated with increasing drug concentrations, whereas the rate of recovery from use-dependent block for the same changes of drug concentrations was unaffected (Figs. 3, 4, 5, 7;  Tables 1 and 2). No use-dependent block was observed with greater concentrations of the neutral local anesthetic benzocaine (Fig. 8B) . The similar characteristics of use-dependent block for the quaternary and tertiary amine analogues and the lack of use-dependent block with benzocaine suggest that the charged form of lidocaine and these lidocaine analogues is responsible for use-dependent block of cardiac sodium channels.
Other investigations of the effects of antiarrhythmic agents on cardiac electrical activity have found characteristics of use-dependent block similar to those reported here. Courtney (1980) used quinea pig papillary muscles and reported that the exponential development of use-dependent block by both alprenolol and tocainide was accelerated with increased drug concentrations, but that the exponential process characterizing recovery from use-dependent block was insensitive to drug concentration. Heistracher (1971) reported that recovery from use-dependent block after rapid stimulation with quinidine was an exponential process not influenced by drug concentration. Similar results have been reported for procainamide (Sada et al., 1979) . Development and recovery from use-dependent block with the /8-blocker propafenone is an exponential process (Kohlhardt and Seifert, 1980) . The similarities in the characteristics of usedependent block for lidocaine analogues and for structurally dissimilar drugs lead us to speculate that all local anesthetic antiarrhythmic agents with net positive charge may demonstrate similar use-dependent blocking characteristics in cardiac preparations.
Since the kinetics of use-dependent block for the quaternary analogues differ, it is apparent that factors other than net positive charge determine the kinetics of use-dependent block. Molecular weight and size, as well as lipid solubility of local anesthetics, have been implicated as factors influencing use-dependent block (Courtney, 1980; Ban, 1980, 1981) . Further studies are necessary to ascertain how these factors act to modify use-dependent block in different preparations.
We assume that use-dependent block results from the accumulation of drug-associated, nonconducting channels when the rate of drug association exceeds the rate of drug dissociation during rapid stimulation. It is possible that the association of benzocaine to sodium channels is enhanced during rapid stimulation, but that drug dissociation is so rapid that usedependent block does not occur even at the most rapid stimulation rates possible for these preparations. If benzocaine was rapidly associating and later dissociating from sodium channels during the action potential, one might expect a delay in the recovery of drug-associated sodium channels during or immediately after the repolarization phase of the action potential. However, the rate of sodium channel "reactivation" of benzocaine-treated fibers, as assessed using membrane responsiveness protocols, was indistinguishable from that of drug-free fibers. This result suggests that benzocaine does not dissociate from sodium channels during repolarization, and supports the conclusion that activity does not modulate sodium channel block by benzocaine in cardiac fibers.
Effect of Resting Membrane Potential on Block of Sodium Channels
All local anesthetics studied reduced V max during slow stimulation. This local anesthetic effect, which we called tonic block, was shown as a displacement of the steady state inactivation curve in a hyperpolarizing direction (Figs. 6, 8 ). Similar effects have been reported for guinea pig fibers and isolated rat ventricular cells exposed to lidocaine (Chen et al., 1975; Lee et al., 1981) . For all concentrations tested, the extent of the displacement increased with increasing drug concentrations (Figs. 6 and 8A). We did not intensively investigate possible changes in the slope of the steady state inactivation curve due to the limited number of data points acquired with the experimental protocol, as well as the time required to obtain each point. Further investigations are necessary to determine to what extent shifts in the voltage-dependence of our steady state inactivation curves represent changes in the voltage dependence of the inactivation gating mechanism of sodium channels.
Tonic block was predominantly responsible for the drug-induced reduction of V max of K + -depolarized fibers, with rapid stimulation producing only a slight further reduction of V max (Fig. 6A ). Although the difference between V max values obtained during slow and rapid stimulation was greatest for normally polarized fibers, the percent decrease of V max above the level of tonic block observed during rapid stimulation of K + -depoIarized fibers was sometimes greater than that observed for normally polarized fibers. The diminution of the contribution of use-dependent block to the reduction of V max of K + -depolarized fibers was not due to the K + -induced shortening of the action potential duration (and concommitant prolongation of the diastolic interval), since stimulation rates chosen to maintain the diastolic interval at approximately equal lengths for different K + concentration did not dramatically alter the magnitude of use-dependent block with tocainide, and since abbreviation of the action potential duration using voltage clamp tech-Circulation Research/Vol. 52, No. 6, June 1983 niques did not affect use-dependent block with QX-222 (unpublished observations). As a consequence of the modulation of use-dependent block by resting membrane potential, both stimulation rate and resting membrane potential must be considered when assessing the use-dependent blocking characteristics of local anesthetics.
Our conclusion that the charged form of lidocaine and its analogues is responsible for use-dependent block of cardiac sodium channels is consistent with the modulated receptor hypothesis proposed by Hille (1977b) and Hondeghem and Katzung (1977) to explain the interaction of local anesthetics with sodium channels. According to this model, the reduction of fast inward sodium current is due to the accumulation of drug-associated, nonconducting channels. Accumulation results from the binding of drug to a channel receptor which changes states or conformations as the channel cycles through the resting, open, and inactivated state, as determined by Hodgkin-Huxley kinetics. The affinity of the receptor for drug differs for the three different receptor conformations. During rapid stimulation, sodium channels spend a greater proportion of time in the open state (during the upstroke) and inactivated state (during the plateau and repolarization phases of the action potential), as compared to periods of electrical quiescence. If the affinity for charged drug of the receptor of an open or inactivated channel is greater than the affinity of a resting channel receptor, accumulation of drug-associated, nonconducting channels during rapid stimulation would be expected. For any given stimulation rate, increasing the drug concentration would, by increasing the probability of drug combining with receptor during an action potential, increase the rate of development and final magnitude of use-dependent block. If the affinity for drug of the inactivated channel receptor were greater than that of a channel in the resting state, one would expect more drugblocked channels for depolarized fibers, such as occurs with tonic block. Further experiments are necessary to determine whether increased affinity of either open or inactivated sodium channels for charged drug forms can account for use-dependent block, as well as whether tonic and use-dependent block is due to drug association with the same channel receptor.
Conditions within the heart undoubtedly play an important role in determining the local anesthetic effects of antiarrhythmic agents. Changes in intracellular and extracellular pH, which would modify the proportion of charged and uncharged tertiary amine drug forms, have been demonstrated in the ischemic myocardium (Gerbert et al., 1971) . Membrane depolarization, due to the elevation of [K + ] o (Harris et al., 1954, Hill and Gettes, 1980) , and perhaps other factors (Corr et al., 1979) within and around injured areas may occur. Changes in cardiac rate and rhythm also are likely to occur. Such changes would be expected to modulate the local anesthetic effects of antiarrhythmic agents by modifying the magnitude of tonic and use-dependent block. This modulation could account for the different antiarrhythmic drug effects on impulse conduction observed within normal compared to ischemic or injured myocardial tissue (Bigger and Hoffman, 1980) . Further studies are necessary to determine the effects of these agents and modulating factors in vivo. The results reported here should aid in determining which electrophysiological mechanisms may be responsible for antiarrhythmic drug efficacy.
